WWOX, the gene that maps to common chromosomal fragile site FRA16D, is frequently affected by aberrations in multiple types of cancers. WWOX encodes a 46 kDa protein that contains two WW domains and a short-chain oxidoreductase (SDR) domain. We recently demonstrated that ectopic expression of WWOX inhibits xenograft tumor growth of tumorigenic breast cancer cells. Little is known of the biochemical function(s) of WWOX. The SDR domain is predicted to be involved in sex-steroid metabolism and the WW domains are likely involved in protein-protein interactions. In this report, we identify the specific proline-rich ligand for WWOX as PPXY and show that the amino-terminal WW domain is responsible for this interaction. Using the WWOX WW domains as a probe, we screened high-density protein arrays and identified five candidate-binding partners. The binding to one of these candidates, small membrane protein of the lysosome/late endosome (SIMPLE), was further analysed, and we observed that a specific PPSY motif in the SIMPLE amino-acid sequence was required to interact with the amino-terminal WW domain of WWOX. In addition, immunofluorescence staining demonstrated that endogenous WWOX and SIMPLE co-localize to perinuclear compartments of MCF-7 human breast cancer cells. These studies demonstrate that WWOX contains a Group I WW domain that binds known cellular proteins containing the specific ligand PPXY. Identification and characterization of WWOX interacting proteins will lead to an understanding of the biological functions of WWOX in normal and tumor cells.
Introduction
We recently cloned WW domain oxidoreductase (WWOX), the gene encoded by the common chromosomal fragile site FRA16D (Bednarek et al., 2000; Ludes-Meyers et al., 2003) . This region is frequently affected by LOH in breast, ovarian, esophageal, prostate and hepatocellular cancers. We demonstrated that ectopic WWOX expression inhibited tumor growth of breast cancer cells, suggesting that WWOX behaves as a potential tumor-suppressor gene (Bednarek et al., 2001) .
The WWOX gene spans a region over 1 Mb in size, which is composed of nine exons coding for a protein of 414 amino acids. The WWOX amino-acid sequence predicts two protein structural motifs consisting of two WW domains and a short-chain dehydrogenase/reductase domain (SDR) (Bednarek et al., 2000) . The SDR region of WWOX may be involved in sex-steroid metabolism due to its high amino-acid sequence homology to specific oxidoreductases (e.g. 17beta-hydroxysteroid reductase 3; Kallberg et al., 2002) .
Although the biological function of WWOX remains to be determined, the biochemical function of WW domain motifs is known to be involved in proteinprotein interactions. WW domains are grouped according to their binding preference to a diverse set of prolinerich ligands (Bedford et al., 2000) . There are four groups of WW domains: Group I binds PPXY ligands (Chen and Sudol, 1995) , Group II binds PPLP (Chan et al., 1996) , Group III binds polyproline sequences flanked by Arg or Lys (Bedford et al., 1998) and Group IV binds phospho-Ser-Pro or phospho-Thr-Pro (Lu et al., 1999) .
In this study, we determined that WWOX contains a Group I WW domain that specifically binds the PPXY ligand in vivo and in vitro, and we identified five potential WWOX interacting proteins. One of these proteins is the small membrane protein of the lysosome/ late endosome (SIMPLE) (also called PIG7 or LITAF; Moriwaki et al., 2001 ) a p53 inducible protein involved in the cellular response to TNFa signaling. To better understand the biochemical function of the WWOX WW domains, we characterized the WWOX-SIMPLE interaction in vitro and in vivo. Furthermore, we demonstrated that endogenously expressed WWOX and SIMPLE partially co-localize to the Golgi apparatus.
Results

WWOX contains a group I WW domain
The WWOX protein consists of two structural domains. The N-terminal 88 amino acids contain two regions that are homologous to the WW protein interaction motif ( Figure 1a ) (Bednarek et al., 2000) . To determine the specificity of WWOX WW domain binding, we generated GST-fusion proteins, each containing individual WW domain (GST-WWOX-1 and GST-WWOX-2) and both WW domains (GST-WWOX-1 and -2). The GST-fusion proteins were expressed and purified from bacteria, separated by SDS-PAGE and transferred to a nitrocellulose membrane. A representative set of other WW domains was included. The immobilized proteins were probed with four different proline-rich ligands to identify specific ligand-WWOX interactions (Figure 1b) . GST-WWOX-1 and -2 and GST-WWOX-1 specifically bound the peptide containing the PPPY motif. Interestingly, GST-WWOX-2 did not interact with any of the ligands tested. These results show that the WWOX WW domain binds the ligand containing the PPXY motif, defining it as a class I WW-domain (Chen and Sudol, 1995) . It also raises the possibility that WWOX-2 recognizes a novel motif or contributes to the structural integrity of the domain.
Identification of potential WWOX ligand proteins
In order to identify potential WWOX binding partners, we probed a high-density protein array (Bussow et al., 1998) with a radiolabeled probe containing both WWOX WW domains. The high-density protein filters used in these experiments represent a novel product for high-throughput proteomics, and were generated by the German Human Genome Project (www.rzpd.de). The filters are PVDF membranes that contain 27 648 human brain cDNA clones arrayed and spotted in duplicate. Each cDNA clone expresses a histidine-tagged fusion protein. We performed a far-Western analysis of these membranes using a phospho-labeled GST-fusion protein as probe. Using this procedure, we identified five bacterial clones that express candidate WWOX-binding proteins (Figure 2) . The 'address' of the candidate proteins was determined and the corresponding Figure 1 WWOX WW domain I binds the PPXY ligand. (a) Fulllength WWOX protein is shown schematically, highlighting the WW domains and the SDR domain. Below the schematic are the amino-acid sequences of the WW domains. Mut1 and mut2 show the amino-acid changes made in GST-WWOX-1 and -2 to inactivate the WWOX-1 and WWOX-2 domains, respectively. (b) Purified GST-fusion proteins (top panel) containing the WW domains from several different proteins were probed with each of four proline-rich ligands (bottom four panels). Equal amounts of each GST-fusion protein and GST alone were separated by SDS-PAGE and stained with Coomassie blue to visualize protein bands (Coomassie) or transferred to PVDF membrane for ligand binding. The biotinylated peptide ligands (PPLP, PPR, PLT*P, and PPPY) were bound to streptavidin-conjugated HRP prior to incubation with the membrane-bound proteins. Ligands bound by GST-fusion proteins were visualized by ECL. The complete amino-acid sequences of the peptide ligands are given in Materials and methods. T* ¼ phosphothreonine The cDNA clones of all the candidate His-tagged fusion proteins were obtained and their identities confirmed by DNA sequencing. Four of the encoded proteins have been previously described (Table 1) and are (1) putative NF-kB activating protein (cDNA clone 120) (Matsuda et al., 2003) , (2) COTE1 (Winfield et al., 1997) , (3) SIMPLE (Moriwaki et al., 2001) and (4) WW domain-binding protein-1 (WBP-1) (Chen and Sudol, 1995) . One clone has not been identified as a cellular encoded protein and contains no recognizable protein structural motifs in current protein databases. All of the protein amino-acid sequences have at least one PPXY WWOX-binding motif (Table 1) ; in fact, WBP-1 contains the PPXY motif used to originally determine the ligand specificity of WW domains ( Figure 1) .
Each of the identified proteins was expressed in bacteria and partially purified with nickel agarose beads. Confirmation of WWOX binding to the specific proteins encoded by the cDNA clones was carried out by far-Western analysis using the WW domains as a probe ( Figure 2b , top panel). Expression of the tagged cDNA proteins was determined by Western blotting using an antibody that recognizes the histidine tag ( Figure 2b , bottom panel). WW domain binding to this set of four proline-rich ligands was thus confirmed.
The candidate binding protein SIMPLE was first identified as a protein encoded by a differentially expressed transcript in BCG-CWS-treated human monocytes (Moriwaki et al., 2001) . Most importantly, the SIMPLE protein was observed to be located in a perinuclear region of the cell (Moriwaki et al., 2001) , similar to what we observed for WWOX subcellular localization (Bednarek et al., 2001) . Little is known about the biological functions, such as subcellular localization, of the other candidate proteins. This potential co-localization with WWOX made SIMPLE the strongest candidate to be a bona fide in vivo WWOX partner. Therefore, we further characterized the WWOX WW domain interaction with SIMPLE.
WWOX WW domain binding specificity
Both WBP-1 and SIMPLE contain two PPXY motifs (Table 1) . It is well documented that loss of the ligand's tyrosine residue abolishes the interaction with a group I WW domain (Chen and Sudol, 1995) . Therefore, to determine the specificity of the WWOX-SIMPLE interaction, we performed site-directed mutagenesis of the PPXY motifs of SIMPLE and WBP-1. The mutant proteins were expressed in bacteria and GST pull-down assays were used to determine whether the mutant proteins could bind to the WWOX WW domain. Histidine-tagged proteins that interacted with GST-WWOX-1 and -2 were visualized by Western blotting using anti-RGS antibody. Interaction of the WWOX WW domains to SIMPLE was clearly observed ( We then determined whether the WWOX WW domains could interact with the SIMPLE protein endogenously expressed by mammalian cells. GST pull-down assays from total cellular extracts from the breast cancer cell line MCF7 demonstrated that the WWOX WW domains bind endogenous SIMPLE (Figure 3b , lanes 2 and 5). The interaction was specific for the WW domains as no SIMPLE was pulled down by GST itself (Figure 3b, lane 1) . To determine whether the interaction is specific for WWOX-1 or WWOX-2, GST pull-downs with GST fused to each of the WW domains was performed. In addition, mutations were made in GST-WWOX-1 and -2 to inactivate either the WWOX-1 or WWOX-2 domains (shown in Figure 1a ). When GST was fused to WWOX-1 alone efficient binding to SIMPLE was maintained; however, no detectable binding was observed to WWOX-2 (Figure 3b , lanes 3 and 4, respectively). In agreement with these results, mutation of the first WW domain eliminated the interaction, while the mutated second WW domain retained binding activity (Figure 3b , lanes 6 and 7, respectively). The interaction with the individual WW domains and with the mutated WW domains both showed reduced binding to the first WW domain. This may indicate that the second WW domain functions to stabilize the interaction or is involved in maintaining the structural integrity of the domain. These results are in perfect agreement with the (Figure 4 ) that express both WWOX and SIMPLE. First, we determined the subcellular localization of endogenous WWOX in the MCF-7 human breast cancer cell line using affinitypurified anti-WWOX antibody generated in our laboratory (Figure 4a-f) . MCF-7 cells were co-stained with anti-WWOX antiserum ( Figure 4a ) and with an antibody that recognizes the 58 kDa Golgi protein (Figure 4b ). Both proteins showed perinuclear staining with significant overlap when the images were merged (Figure 4c ). This is consistent with our original observation using a GFP-WWOX fusion protein that identified WWOX as a Golgi protein (Bednarek et al., 2001) . However, contrary to our published observations, and to the results presented here, it has been reported that endogenous WWOX and GFP-WWOX fusion proteins localize to the mitochondria (Chang et al., 2001) . To determine whether our anti-WWOX antibodies recognized WWOX localized in the mitochondria, we stained MCF-7 cell mitochondria with MitoTracker Orange CMTMRos (Figure 4e ) prior to immunofluorescence using anti-WWOX antibodies. Consistent with our previous experiments, the WWOX antibodies stained a perinuclear region of the cell ( Figure 4d) ; however, there was little, if any, overlap with the MitoTracker stain. Again, our immunofluorescence results were consistent with our previous experiments using a GFP-WWOX fusion protein (Bednarek et al., 2001) . Next, we determined whether WWOX and SIMPLE co-localized to the same subcellular region. Co-immunofluorescence staining with our anti-WWOX antibodies (Figure 4g ) and antibodies that recognize SIMPLE (Figure 4h ) showed a similar cytoplasmic pattern of staining that partially colocalized to the perinuclear region of the cell (Figure 4i ). Each protein is also observed to reside in smaller distinctive partially nonoverlapping areas of the cell, which may indicate that SIMPLE may transiently exist in the same subcellular location as WWOX while moving through the trans-Golgi network to the final destination of the lyosome/late endosome.
Discussion
We have demonstrated that the amino-terminal WWOX WW domain behaves as a Group I WW domain that specifically binds the ligand PPXY. Using the powerful tool of high-density protein arrays, we identified five proteins as candidate WWOX interaction partners. Importantly, each interacting protein contained at least one PPXY sequence. The identities of these proteins are:
(1) putative NF-kB activating protein (cDNA clone 120) (Matsuda et al., 2003) , (2) COTE1 (Winfield et al., 1997) , (3) SIMPLE (Moriwaki et al., 2001 ) and (4) WBP-1 (Chen and Sudol, 1995) . One clone has not been identified to date. To determine protein interactions, total protein extracts from bacteria expressing the wild-type and mutant proteins were used for GST pull-down assays. Proteins pulled down by GST-WWOX-1 and -2 were separated by SDS-PAGE, transferred to PVDF membranes and visualized by Western blotting using antibody to the histidine tag (top panel). Equal amounts of expressed proteins were determined by Western blotting of total protein extracts (bottom panel). Total protein extracts from the parental bacterial strain that does not express any histidine-tagged proteins were used as the negative control (lane 1). *Band due to nonspecific binding of the antibody to the GST protein.
(b) The first WW domain is required for interaction with endogenously expressed SIMPLE. Whole-cell extracts from the breast cancer cell line MCF-7 were used for GST pull-down assays using GST fused to each individual WWOX WW domain and to GST-WWOX-1 and -2 containing altered amino acids in each of the WW domains. Proteins pulled down by the indicated GSTfusion proteins were separated by SDS-PAGE, transferred to PVDF and analysed by Western blotting with antibody that specifically recognizes SIMPLE. Left panel: Binding to the complete WWOX WW domain (GST-WWOX-1 and -2, lane 2) and to the individual WWOX WW domains (GST-WWOX-1 and GST-WWOX-2, lanes 3-4, respectively). The observed binding by endogenous SIMPLE was specific for WWOX, as shown by the GST pull-down with GST alone (lane 1). Right panel: Binding to the complete WW domain (GST-WWOX-1 and -2, lane 5) and to the mutant WW domains (mut1 and mut2, lanes 6 and 7, respectively). Each WW domain had two amino acids changed in the context of GST-WWOX-1 and -2 (Figure 1) One candidate protein, COTE1, is encoded by the gene COTE1, first identified by virtue of its close proximity to the glucocerebrosidase gene on chromosome 1q21 (Winfield et al., 1997) . Currently, no known function for COTE1 has been determined. COTE1 contains a predicted transmembrane region, making it possible that it would reside in a membrane-bound subcellular organelle such as the Golgi. This remains to be determined.
The candidate partner protein SIMPLE was first identified as a differentially expressed transcript in BCG-CWS-treated human monocytes (Moriwaki et al., 2001) . The SIMPLE cDNA sequence was identical to the p53 inducible transcript LITAF/PIG7, except for one guanine nucleotide that was missing at the exon 3-4 junction that changes the translation-reading frame of the two cDNAs. The PIG7/LITAF mRNA codes for a 228 AA nuclear protein, whereas the SIMPLE mRNA codes for a 161 AA protein integral membrane protein located in the lysosome/late endosome. Owing to the subcellular localization of SIMPLE and the potential involvement of SIMPLE in TNFa signaling, we further characterized the WWOX-SIMPLE interaction.
We demonstrated that the WWOX WW domain specifically interacted with the SIMPLE amino-terminal PPSY motif using in vitro binding assays (Figure 3a) . Interestingly, SIMPLE has been identified as the binding partner for the WW domain of the ubiquitin-protein ligase NEDD4 and that interaction was shown to depend on the same PPSY motif (Jolliffe et al., 2000) . In addition, we demonstrated that WWOX binding to endogenously expressed SIMPLE was dependent on the amino-terminal WWOX WW domain, consistent with our in vitro ligand-binding experiments.
Using immunofluorescence staining, we observed that our anti-WWOX antibody consistently recognized endogenous WWOX in the Golgi apparatus with little, if any, detectable staining in the mitochondria (Figure 4a f). Although this is in agreement with our previous findings using a GFP-WWOX fusion protein (Bednarek et al., 2001) , it is inconsistent with the observations of others (Chang et al., 2001) . Although the reasons for this discrepancy are not clear, it may be partially explained due to the use of different cell types and different antibodies. Most importantly, we observed that WWOX and SIMPLE partially co-localize to a perinuclear region of the cell. Since SIMPLE was Immunofluorescence detection of WWOX and fluorescent staining of mitochondria. As can be observed, no overlap is evident in the merge image (panel f). Panels g-i: Endogenous WWOX partially co-localizes with SIMPLE. Immunofluorescence detection of WWOX (panels a, d and g) was carried out using affinity-purified anti-WWOX rabbit polyclonal antiserum and Alexafluor 488 conjugated anti-rabbit secondary antibody. Immunofluorescence detection of 58 kDa Golgi marker (panel b) was carried out using mouse monoclonal anti-58 kDa and Alexafluor 647-conjugated anti-mouse secondary antibody. Immunofluorescence detection of SIMPLE (panel h) was carried out using mouse monoclonal anti-SIMPLE antibody and Alexafluor 647 secondary antibody originally identified as a late endosome/lysosomal protein (Moriwaki et al., 2001) and because the late endosomes/lysosomes are continuations of the Golgi apparatus, the observed partial co-localization could be a representation of the dynamics of this organelle. Moreover, this also emphasizes a possible transient nature of the WWOX-SIMPLE interaction in the Golgi.
WWOX has been reported to directly interact with two other proteins, the tumor suppressor p53 and JNK1 (Chang et al., 2001 (Chang et al., , 2003 . In addition, mapping studies using the yeast two-hybrid system identified WWOX-1 as the WW domain responsible for the interaction with p53, and the binding site was mapped to the p53 prolinerich region . The fact that neither p53 nor JNK was identified in our experiments may indicate that the cDNA clones encoding these proteins are not represented in the high-density protein array. It is worth noting, however, that the p53 proline-rich region does not contain any PPXY motifs, and it has been well documented that ligand preference by the various known WW domains is 'highly specific' (Kay et al., 2000; Sudol and Hunter, 2000; Kasanov et al., 2001; Otte et al., 2003) . Indeed, we have presented evidence that the WWOX WW domain specifically binds the PPXY motif. Moreover, WWOX binding to two candidate interacting proteins was demonstrated to have preference for one of two PPXY motifs within their sequence, demonstrating that a higher level of specificity also exists, as has been observed for many other Group I WW domains (Kasanov et al., 2001) . It remains to be determined which p53 and JNK1 amino acids directly interact with WWOX as they may represent novel WW domain interaction motifs.
The biochemical functions of WWOX and SIMPLE are poorly understood. Moriwaki et al. (2001) speculated that SIMPLE may be involved in the apoptotic response for intracellular killing of mycobacteria. WWOX also has been implicated as a proapoptotic protein involved in the enhancement of TNFa cytotoxicity synergistically with p53 (Chang et al., 2001) . Since SIMPLE is induced by both p53 and TNFa, the reported apoptotic effects may, in part, be due to a WWOX-SIMPLE functional interaction.
Recently, SIMPLE was identified as a protein that activated NF-kB-dependent transcription. Remarkably, in the same report (Matsuda et al., 2003) , the putative NF-kB activating protein clone 120 was also identified, a protein we describe here as a WWOX-binding candidate. The identification of these two WWOXbinding partners may indicate that WWOX is involved in the regulation of NF-kB transcriptional activation.
Future studies on WWOX protein-protein interactions will help elucidate the biological function(s) of WWOX and its role in normal and diseased states.
Materials and methods
Construction, purification and labeling GST-fusion proteins
GST-fusion proteins containing WWOX-1 and -2 domains, and the individual WWOX-1 and WWOX-2 domains were constructed by insertion of PCR-amplified fragments of the WWOX cDNA into the BamH1 and EcoR1 sites of the bacterial expression vector pGEX-2TK (Pharmacia). The resulting fusion proteins contain the WWOX amino acids: AA 16-94, GST-WWOX-1 and -2; AA 16-53, GST-WWOX-1; AA 53-94, GST-WWOX-2 (Figure 1 ). Site-directed mutagenesis was performed using the QuikChanget SiteDirected Mutagenesis Kit (Stratagene).
GST-fusion proteins were expressed in Escherichia coli strain BL21 and purified essentially as described by the manufacturer. Cleared bacterial lysates from 100 ml cultures were made by sonication in PBS containing protease inhibitors (Roche). GST-fusion proteins were purified using Glutathione Sepharose 4B (Pharmacia).
The WW domain was radioactively labeled as described in Sambrook and Russell (2001) . GST-WWOX-1 and -2 bound to glutathione sepharose 4B beads was incubated with protein kinase (Sigma) and [g-32 P]ATP, followed by digestion with thrombin protease (Pharmacia) to release the labeled WW domain from GST.
For far-Western ligand-binding studies, GST-fusion proteins were separated by SDS-PAGE and transferred to Immobilon-P (Millipore). Membranes were blocked for at least 4 h at 41C with PBS containing 3% non-fat dry milk and 0.1% Tween-20. Peptides were prebound to horseradish peroxidase (HRP)-conjugated streptavidin (Sigma Chemical Co.), then incubated with membrane-bound GST-fusion proteins overnight at 41C in blocking buffer. Membranes were washed four times at 41C and then developed using ECL (Amersham).
Peptides used in this study were: Ld1D (PPLP) biotin-SGSGAPPTPPLPP; P3(PPR) biotin-GVSVRGRGAAPPP PPVPRGRGVGP; CDC25 (PLT*P) biotin-SGSGEQP LT*PVTDL (T* ¼ phosphorylated threonine); WBP-1 (PPPY) biotin-SGSGGTPPPPYTVG.
For GST pull-down assays, bacterial lysates were made as described above, followed by the addition of NP-40 to a final concentration of 0.1%. Cleared total cell lysates from MCF-7 cells were prepared using the lysis buffer (50 mM Tris-Cl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100 and 10% glycerol). GST pull-down assays were performed by addition of 10 mg of purified GST-fusion protein and 20 ml of Glutathione Sepharose 4B (50% slurry) to equal amounts of total cell extracts. After incubation overnight at 41C with mixing, the beads were washed three times with cold lysis buffer and once with cold PBS. Bound proteins were eluted by boiling in 1 Â SDS-PAGE loading buffer.
Immunodetection was performed using KPL Protein Detectort chemiluminescence detection reagents. RGShis monoclonal antibody (1 : 1000 dilution), SIMPLE specific monoclonal antibody (1 : 1000) and HRP-conjugated antimouse antibody (1 : 5000 dilution) were incubated with membrane for 1 h at room temperature.
Fluorescence microscopy
MCF-7 cells were cultured in IMEM containing 5% FBS and gentamicin. Mitochondria were stained by incubating cells with complete medium containing 100 nM MitoTracker Orange CMTMRos for 20 min in a 371C humidified CO 2 incubator. The cells were fixed for 10 min with PBS containing 10% formaldehyde and permeabilized by washing three times with PBS, 0.1% IGEPAL. Primary and secondary antibodies were diluted in PBS, 0.1% IGEPAL, 3% NGS and incubated with the cells for 1 h each at room temperature, followed by three washes with PBS, 0.1% IGEPAL. The stained cells were mounted using Vectashield mounting medium containing DAPI stain (Vector Labs). The primary antibodies used were rabbit anti-WWOX at 1 : 25 (Ludes-Meyers et al., 2003) , mouse anti-SIMPLE antibody (BD transduction labs.) at 1 : 50. The secondary antibodies used were goat anti-rabbit AlexaFluort 488 (Molecular Probes, Inc.) at 1 : 50 and goat anti-mouse AlexaFluort 647 (Molecular Probes, Inc.) at 1 : 50.
Abbreviations BCG-CWS, Mycobacterium bovis Bacillus Calmette-Guerin; ECL, enhanced chemiluminescence; JNK, c-Jun N-terminal kinase; LITAF, lipopolysaccharide-induced transcription factor; LOH, loss of heterozygosity; NEDD4, neuronal precursor cells expressed developmentally downregulated protein 4; NF-kB, nuclear factor-kappa B; NGS, normal goat serum; PIG7, p53 inducible gene 7; SDR, short-chain dehydrogenase/reductase; TNF, tumor necrosis factor; WBP-1, WW domain-binding protein-1; WWOX, WW domain oxidoreductase.
